Among the causes of epilepsy are several that are currently preventable. In this review, we summarize the public health burden of epilepsy arising from such causes and suggest priorities for primary epilepsy prevention. We conducted a systematic review of published epidemiologic studies of epilepsy of 4 preventable etiologic categories-perinatal insults, traumatic brain injury (TBI), central nervous system (CNS) infection, and stroke. Applying consistent criteria, we assessed the quality of each study and extracted data on measures of risk from those with adequate quality ratings, summarizing findings across studies as medians and interquartile ranges. Among higher-quality population-based studies, the median prevalence of active epilepsy across all ages was 11.1 per 1000 population in lower-and middle-income countries (LMIC) and 7.0 per 1000 in highincome countries (HIC). Perinatal brain insults were the largest attributable fraction of preventable etiologies in children, with median estimated fractions of 17% in LMIC and 15% in HIC. Stroke was the most common preventable etiology among older adults with epilepsy, both in LMIC and in HIC, accounting for half or more of all new onset cases. TBI was the attributed cause in nearly 5% of epilepsy cases in HIC and LMIC. CNS infections were a more common attributed cause in LMIC, accounting for about 5% of all epilepsy cases. Among some rural LMIC communities, the median proportion of epilepsy cases attributable to endemic neurocysticercosis was 34%. A large proportion of the overall public health burden of epilepsy is attributable to preventable causes. The attributable fraction for perinatal causes, infections, TBI, and stroke in sum reaches nearly 25% in both LMIC and HIC. Public health interventions addressing maternal and child health care, immunizations, public sanitation, brain injury prevention, and stroke prevention have the potential to significantly reduce the burden of epilepsy.
| INTRODUCTION
Estimates suggest that 50-70 million people worldwide have epilepsy, 1,2 and 4.6 million develop the condition each year. 3 These global burden estimates fall more heavily on populations of low-and middle-income countries (LMIC), where a pooled estimate of the annual incidence of epilepsy is considerably greater (139 per 100 000 population) than that for high income-countries (HIC; 49 per 100 000). 3 Irrespective of country income, the public health burden of epilepsy carries with it high risks of disability, social isolation, economic loss, and premature mortality. The World Health Organization has therefore identified the condition as a priority, calling for the development of national health care plans of action for epilepsy management, not only to ensure the availability of effective care, but also to prevent its causes. 4 Prevention may be considered in 3 stages. Primary prevention averts the occurrence of a disorder, usually by reducing or eliminating underlying causes and risk factors. Secondary prevention involves early detection or interventions to arrest or minimize the development of the condition. Tertiary prevention mitigates existing disease and its consequences through appropriate treatment and rehabilitation. 5 Under this paradigm, most of the attention of the epilepsy community-researchers, care providers, patients, and advocates-has involved tertiary prevention: research on antiepileptic drugs and other treatments and the employment of these treatments in clinical care. Some limited epilepsy research has focused on secondary prevention: early treatment interventions, as well as attempts to identify agents that may interrupt epileptogenesis following brain insults such as traumatic brain injury (TBI). 6, 7 The importance of these efforts in tertiary and secondary prevention cannot be overstated. But the epilepsy community has given rather less attention to primary prevention: the elimination (where possible) or reduction of underlying causes and risk factors of epilepsy. The causes of epilepsy are manifold. The International League Against Epilepsy (ILAE) Commission on Classification and Terminology has defined causal categories broadly as structural, genetic, infectious, metabolic, immune, and unknown. 8 Specific etiologies within these categories vary in their potential for primary prevention. Within the group of structural and infectious causes are specific etiologiesespecially birth injuries, central nervous system (CNS) infections, traumatic brain injuries, and stroke-amenable to primary prevention. The first 3 of these specific etiologies may account in large measure for the higher incidence of epilepsy in LMIC compared to HIC. 9 The purpose of this review is to summarize the public health burden of epilepsy arising from these specific causes and thereby to derive priorities for primary epilepsy prevention.
| MATERIALS AND METHODS
This systematic review addresses reports describing the burden of epilepsy from preventable causes, and employs methods recommended under Preferred Reporting Items for Systematic Reviews and Meta-Analyses. 10 We searched the online publication databases of MEDLINE (Ovid), Embase, and PsycINFO for reports published since 1990, the year that the ILAE introduced a definition of epilepsy for epidemiological studies. Primary search terms included epilepsy, combined with cause, etiology, risk factor, or prevention, and also combined with epidemiology, incidence, prevalence, or population-based. Among the retrieved references, we required mention of terms and synonyms suggesting any brain trauma, stroke, infection, parasite, or pre-or perinatal insult listed among any of the key words, titles, and abstracts. Details of this search strategy are described in Table S1 . We screened the retrieved titles and abstracts to identify references representing original epidemiologic studies of populations or samples representative of people with epilepsy that addressed any of 4 preventable categories of epilepsy etiology-pre-or perinatal insults, TBI, CNS infection, or stroke-and indicated any measures of comparable risk (eg, relative proportions, attributable fractions, relative risk, odds ratios).
For references meeting these criteria, we retrieved full reports, each of which was evaluated independently by 2 reviewers who rated report quality on a scale of 1 (best) to 4 (worst) using a standard form that included the following criteria (Table S2 ):
• Sensitivity of epilepsy case-finding, if population-based;
• Accuracy of epilepsy diagnoses;
• Sensitivity or completeness of epilepsy cause determinations;
Key Points
• We investigated 4 preventable etiologic categories-pre-or perinatal insults, stroke, traumatic brain injury, and central nervous system infections-that account for about one-fourth of all epilepsy cases
• The burden of preventable epilepsy appears higher in low-and middle-income countries
• Public health interventions addressing maternal and child health care, immunizations, public sanitation, brain injury prevention, and stroke prevention have the potential to significantly reduce the burden of epilepsy
• Accuracy of epilepsy cause determination; • Representativeness of study population, where best representativeness was indicated by population-based studies of incidence, followed by population-based studies of prevalence, followed by referral clinic populations or special subpopulations of people with epilepsy.
Initially discordant quality ratings were resolved by consensus through correspondence between the reviewers.
We extracted data from reports rated 3 or better, including study population source descriptions, demographic data, attributed etiologic fractions, and comparative risk measures. Findings were summarized across studies as median and interquartile range (IQR).
In determining categories of epilepsy etiology used in our analysis, it was necessary for us to define these broadly and to accept inexact and variable terminologiesoften not further defined-used in the reports we reviewed. Pre-and perinatal insults were indicated by general synonymous terms such as birth injury or complications during or following delivery. If studies listed numbers for multiple subcategories of pre-or perinatal etiologies treated as mutually exclusive (eg, fetal distress or asphyxia, prematurity, cerebral palsy, and neonatal infection), we summed these. TBI was indicated by nearly synonymous terms such as head injury or a history thereof. Few studies indicated a threshold of severity or other more precise criteria by which to define TBI (eg, loss of consciousness, hospitalization, or specific craniocerebral trauma). CNS infection was indicated by histories of meningitis or encephalitis, not necessarily specified by type of agent, whether bacterial, viral, parasitic, or fungal. If studies listed numbers of cases in these subcategories separately, we summed these. We identified no studies providing specific information on the distribution of specific bacterial or viral agents reported. When studies addressed specific parasitic agents such as Taenia solium, we treated these separately in our review. Finally, we assigned to the category of stroke cases described as such or with terms indicating cerebral infarction or hemorrhage, and if the latter categories were included in the same study, cases were summed.
| RESULTS
Our searches were conducted through October 2016 and yielded 1217 unduplicated references. Among these, after examining titles and abstracts, we found 294 articles eligible for full review. Of the latter, 99 contained relevant information and had quality ratings of "3" or better, including 53 that represented HIC and 46 that represented LMIC ( Figure 1 ). Quality ratings and evidence obtained from these studies are listed in Table S3 , and their full bibliographic references are listed in Table S4 .
Among population-based studies rated "2" or better, the median estimated prevalence of active epilepsy for all ages was 11.1 per 1000 population (IQR = 7.8-16.8 per 1000) in LMIC, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] compared to 7.0 per 1000 (IQR = 6.6-8.1)
in HIC. [23] [24] [25] [26] [27] [28] Applied to 2016 World Bank population estimates (6.2 billion in LMIC and 1.2 billion in HIC), this implies a public health burden of epilepsy affecting 68 million people in LMIC and 8.4 million in HIC.
| Pre-and perinatal brain insults
Among children with epilepsy, pre-and perinatal brain insults were the largest attributable fraction of preventable etiologies, with median estimated fractions of 17.4% in LMIC and 14.8% in HIC (Table 1) . Pre-and perinatal brain insults also were the largest fraction in LMIC populations of all ages or all adults (median = 11.4%). In 3 LMIC studies, odds ratios ranging from 3.0 to 5.9 indicate an increased risk of epilepsy in persons with a history of preand perinatal problems compared to those without (Table 2 ).
29-31
Most studies provided few details to define particular perinatal risk factors, with exceptions among some comparative studies (Table 2 ). Four studies of the risk of epilepsy 
| Stroke
In HIC populations of all ages or all adults, stroke was the most common attributed preventable etiology, with a median estimated fraction of 11.9% (Table 1) . Among older adults with epilepsy, both in LMIC and HIC, etiology was attributed to stroke in 19%-24% of prevalent cases [39] [40] [41] and half or more of all new-onset cases. 42, 43 The comparative risk of epilepsy among persons with and without diagnoses of stroke or cerebrovascular disease is indicated by odds ratios of 3.1 and 3.5 44, 45 as well as rate ratios of 2.3 and 9.3 46, 47 (Table 2 ).
| TBI
Median estimates of the proportion of epilepsy attributable to TBI appeared somewhat higher in children in LMIC compared to HIC, 6.6% versus 2.6%, respectively. In contrast, corresponding median estimates for all-age or adult populations suggested slightly higher proportions in HIC compared to LMIC, 5.3% versus 4.2%, respectively ( Table 1 ). The risks of epilepsy or unprovoked seizures among persons with and without TBI diagnoses are compared in studies showing a rate ratio of 3.1 48 and odds ratios of 9.2, 29 1.6, 31 and 2.1 45 (Table 2) .
| CNS infections
In LMIC, the median estimates of the proportion of epilepsy attributable to CNS infections (sometimes further defined as meningitis and encephalitis) were about 5% both in children and across all ages. The corresponding median estimates appeared somewhat lower in studies of HIC: 3.8% of children and 2.4% of all ages (Table 1 ). An increased risk of epilepsy in persons with a history of CNS infection compared to persons without such history is indicated by odds ratios of 2.6 and 5.1 (Table 2 ).
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| CNS parasitosis
Some studies in rural communities of LMIC with endemic cysticercosis separately reported fractions of epilepsy cases attributable to neurocysticercosis (NCC), yielding a median estimate of 34.4% (Table 1) . Odds ratios comparing risks of epilepsy in persons seropositive and seronegative for T. solium antibodies were 2.0 9 and 2.8 49 ( Table 2) .
Two studies compared risks of epilepsy in persons with and without evidence of cerebral malaria, reporting odds ratios for malaria hospitalization as 2.3 9 and for cerebral malaria diagnosis as 4.4 and 3.4 (Table 2) . 50, 51 The risk of epilepsy associated with onchocerciasis was assessed in a study examining Onchocerca volvulus antibody seropositivity (odds ratio = 2.2) 9 and a study comparing endemic and nonendemic localities (rate ratio = 2.9). 52 
| DISCUSSION
A large proportion of the overall public health burden of epilepsy may be ascribed to preventable causes. Among populations of children, the sums of median estimated fractions we found attributable to pre-and perinatal insults, Table S3 . Bibliographic citations for these studies are included in Table S4 . CNS, central nervous system; HIC, high-income countries; IQR, interquartile range; LMIC, low-and middle-income countries; n, number of studies providing estimates; NCC, neurocysticercosis; TBI, traumatic brain injury. infections, and TBI are 29% in LMIC and 21% in HIC. Among all-age or adult populations, the corresponding sums for pre-or perinatal insults, infections, TBI, and stroke reach nearly 24% in LMIC and 25% in HIC. These estimates are imprecise. As noted below, we believe they may undercount some etiologic fractions, especially among LMIC, where the overall incidence of epilepsy is greatest. 3 Nevertheless, the burden of epilepsy here ascribed to preventable causes provides evidence of the substantial potential value of primary prevention programs. Foremost among the attributed causes of epilepsy are pre-and perinatal brain insults. In principle, public health programs to ensure adequate prenatal and intrapartum care could prevent a substantial proportion of epilepsy arising from these causes. Some disparities in access to prenatal care persist even in HIC, indicating needs for program improvement. 53, 54 However, the unmet need for such programs is greatest in LMIC, where >80% of the world population resides and where there are marked inequalities in the distribution of health care resources within and among countries. 53, 55 Consequences are illustrated by estimates that in 2010 the incidence of neonatal encephalopathy was 14.9 per 1000 live births in sub-Saharan Africa, and 10.4 per 1000 in South Asia, compared to 1.5 per 1000 in HIC. 56 Few studies estimate the population attributable fraction (PAF) of perinatal problems associated with epilepsy. One study across 5 countries in sub-Saharan Africa estimated that the PAF of antenatal and perinatal problems for active convulsive epilepsy in children was 0.33 (95% confidence interval [CI] = 0.21-0.43), whereas that in adults was 0.06 (95% CI = 0.04-0.08). 9 CNS infections, particularly malaria, NCC, meningitides, and encephalitides, are important causes of epilepsy. The burden is much greater in LMIC, according to the estimates we derived, as well as other estimates of the global burden of disease, including disability-adjusted life years for CNS infections. 57 Prevention strategies may include improved health care infrastructure enabling early diagnosis and treatment, environmental change to reduce exposure, and immunizations. Immunization programs for vulnerable populations deserve special emphasis. There have been significant reductions in the global burden of meningitis and encephalitis from 1990 to 2015, probably due to increased vaccination against bacterial and viral diseases. 57 In some LMIC, nearly one-third of epilepsy cases have been ascribed to NCC. This high proportion should be interpreted with some caution, as most of these studies examined prevalent cases of epilepsy where temporal relationships between NCC infection and seizure onset could not be determined. Coupled with less availability of diagnostic tools to detect other causes of epilepsy in the communities studied, these limitations could result in the misclassification of some fraction of cases attributed to NCC. 58, 59 In any event, this is a highly prevalent cause in some communities and a highly preventable condition. There is potential for its full eradication through relatively simple measures involving collaboration of professionals in public health, sanitary engineering, and human and veterinary medicine. In a Honduras community, a public health intervention begun in 1997 to interrupt the transmission of T. solium included an education and media program, training pig farmers in animal husbandry, improved sewage disposal, deworming of school students with albendazole, and surveillance of Taenia in people's stool. The proportion of cases of epilepsy attributed to NCC was reduced from 37% among those diagnosed before the intervention to 14% among those diagnosed following the intervention (P = .02). 60 More recently a study in Peru has demonstrated a significant reduction in Taenia cysts in pigs, but there has been insufficient time to demonstrate a reduction in epilepsy. 61 In Africa, community-directed ivermectin programs have significantly reduced transmission of O. 62 but none has examined the impact on epilepsy incidence or prevalence. There has been a significant reduction in malaria with the introduction of insecticide-treated bed nets and antimalarial agents that prevent transmission, with a 57% reduction in childhood mortality in sub-Saharan Africa. 63 These studies demonstrate that existing public health interventions can reduce parasitic risk factors of epilepsy, and thus its occurrence. They warrant high priority among health ministries and other public health agencies. TBI likewise represents a substantial fraction of preventable epilepsy, and again the burden appears higher in LMIC, at least in children. Other reviews have indicated that TBI incidence, irrespective of subsequent epilepsy development, is substantially higher in LMIC and most commonly due to road traffic injuries or falls. 64, 65 Among the many adverse consequences of TBI, including death and disability, the consequence of epilepsy adds additional weight to arguments for enhanced prevention strategies and programs. Multifaceted programs to improve vehicle and traffic safety have effected major reductions in rates of injury in HIC, and there is a critical need to adapt and implement such measures in LMIC. 66 Likewise, there is need for further development and implementation of fall prevention programs that address specific risks highest in young children, older adults, and particular occupations. 67, 68 Finally, an appreciable fraction of preventable epilepsy may be attributable to stroke. Our analysis points to a comparatively greater burden in HIC, likely due at least in part to the larger proportion of older adults in HIC populations. Other analysis indicates that the burden of stroke is substantially increasing in LMIC. 69 Primary prevention programs addressing cardiovascular risk factors-smoking, hypertension, hyperlipidemias, and metabolic syndromesdeserve further emphasis in HIC and, increasingly, in LMIC. 70 Secondary stroke prevention-improving access to early thrombolytic or reperfusion therapies of acute stroke and cerebral ischemia-likewise deserves increased emphasis as resources permit, although studies of the effect of these procedures on later epilepsy occurrence have not yet been reported. The increasing effectiveness and availability of some general secondary prevention interventions-especially early treatments to save lives among persons acutely ill with stroke, TBI, birth injuries, or CNS infection-could yield an increased number of survivors at risk of epilepsy. This paradoxical potential reinforces the urgency of efforts to promote primary preventions as described above, as well as efforts to develop specific secondary preventions that interrupt epileptogenesis.
There are limitations to the conclusions of this review. Etiologic categories were often imprecisely defined, not only the broad category of pre-or perinatal brain insults, but also TBI, CNS infections, and stroke. Again, these potential inconsistencies among applied definitions could limit the accuracy of summaries across studies.
Many of the studies we reviewed-especially older studies, as well as many throughout LMIC-had limited tools with which to investigate epilepsy etiologies in depth. This could have resulted in inaccurate etiologic fraction estimates for some causes. The majority of studies were conducted on prevalent epilepsy populations in which less etiologic information was available-either from clinical records or recall-for longer-duration epilepsy cases. Again, this may have led to misclassified etiologies and inaccurate estimates. More so in LMIC, we suspect these challenges in data collection may have yielded underestimations of the true burden of preventable etiologies.
The representativeness of the studies we reviewed deserves comment. Few studies could be considered nationally representative; most represented local communities or limited regions. For describing etiologic fractions, we considered mainly population-based studies, although some clinic populations were included when the reviewers judged that these included most people with epilepsy referred for diagnosis and treatment within communities. We encountered large variability in the reported measures of epilepsy occurrence and reported etiologic fractions and risk, even among studies grouped within HIC or LMIC. Although some variability may be attributed to differences in study design and methods, much is likely due to true differences in epilepsy occurrence and cause across different countries and communities. Furthermore, many studies were conducted in areas with a high incidence of the risk factor or putative cause, or high occurrence of epilepsy. Generalizations from the summary estimates we obtained should therefore be made with caution.
More research on preventable causes of epilepsy is needed, employing consistent definitions that describe these causes and important subcategories with more specificity. This applies especially in LMIC, where large regions of the world are still represented by few studies and where risks may vary greatly according to local health care infrastructure, economies, culture, and technology. The information gained from such studies can help to establish priorities for primary, secondary, and tertiary prevention programs within community health systems and prioritize primary prevention targets based on local needs and conditions: programs to improve prenatal, obstetrical, and infant care, reduce head injury risks, reduce CNS infection and parasitic risks, and reduce cardiovascular risks.
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